Infection by ribonucleic acid (RNA) bacteriophage R23 inhibited the synthesis of,Bgalactosidase in Escherichia coli. The inhibition, although not complete, was apparent shortly after infection and was maximal after the first 20 min of infection. R23 diminished the (3-galactosidase-synthesizing capacity when inducer was added after phage infection, but not when infection followed inducer removal. These findings suggested that the primary effect of R23 on enzyme-forming capacity was limitation of synthesis of enzyme-specific messenger RNA. Studies with ultraviolet irradiated phage and amber mutants of R23 indicated that the inhibitory process could be separated into two phases. Early inhibition did not require the expression of the viral genome, whereas late inhibition required the expression of the viral RNA synthetase cistron. Infection of Escherichia coli by different deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) bacteriophages results in an alteration in the metabolism of the host bacterium. However, the degree of inhibition of synthesis of host macromolecules may vary. T-even phage infection produces an immediate and complete inhibition of host protein and nucleic acid synthesis (4, 7, 9, 17, 23, 24, 26, 29, (34) (35) (36) 44) . Phage X also inhibits host DNA (50) as well as RNA and protein synthesis (20, 45). The disturbance in the metabolism of the host is more profound after infection by X than following induction of the prophage (20, 42, 48) . After 4x174 infection, host DNA synthesis ceases 12 to 14 min after infection, but synthesis of RNA and protein is affected only slightly (27). The inhibitory effect of RNA bacteriophages depends upon the phage strain used to infect the bacterial host (49). Inhibition of synthesis of host DNA (6, 13), RNA (5, 6, 11, 13, 21, 49), and protein (13, 37, 49) has been reported for several RNA phages.
Infection of Escherichia coli by different deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) bacteriophages results in an alteration in the metabolism of the host bacterium. However, the degree of inhibition of synthesis of host macromolecules may vary. T-even phage infection produces an immediate and complete inhibition of host protein and nucleic acid synthesis (4, 7, 9, 17, 23, 24,26, 29, [34] [35] [36] 44) . Phage X also inhibits host DNA (50) as well as RNA and protein synthesis (20, 45) . The disturbance in the metabolism of the host is more profound after infection by X than following induction of the prophage (20, 42, 48) . After 4x174 infection, host DNA synthesis ceases 12 to 14 min after infection, but synthesis of RNA and protein is affected only slightly (27) . The inhibitory effect of RNA bacteriophages depends upon the phage strain used to infect the bacterial host (49) . Inhibition of synthesis of host DNA (6, 13) , RNA (5, 6, 11, 13, 21, 49) , and protein (13, 37, 49) has been reported for several RNA phages.
In the case of T-even phage infection, the inhibition of bacterial protein synthesis is due, in part, to an arrest in the initiation of synthesis of messenger RNA (mRNA; 23, 24) . Thus, infection with T-even phage at the time of inducer addition completely prevents the synthesis of f3-galactosidase (4, 23) . In addition, T-even phage infection causes a specific enhancement of mRNA destruction in F-cells (23) . Howes (20) reported that phage X infection at high multiplicity interrupts protein synthesis prior to any interference with RNA synthesis. On the other hand, studies of Terzi and Levinthal (45) suggest that X phage interferes with host metabolism at the level of host RNA synthesis.
The mechanism of inhibition of host protein synthesis by RNA phage infection is not yet established. Different observations, however, indicate several mechanisms by which this inhibition might occur. Hotham-Iglewski and Franklin (18) reported an alteration in the distribution of polysomes after R17 infection, with smaller polysome units predominating after phage infection. Codonspecific changes in the ability of transfer RNA (tRNA) to support translation of synthetic polyribonucleotides are also reported in cells infected with Q13; these changes apparently result from a decreased ribosomal binding of tRNA (P. P. Hung and L. R. Overby, unpublished data). The magnitude of viral RNA synthesis in R23-infected cells (in which practically all of the RNA synthesized after infection is phage-directed RNA) suggests that interference of bacterial protein synthesis is secondary to inhibition of host RNA synthesis (49) .
The inhibition of host mRNA synthesis by T-even phage infection does not depend on the expression of viral genes, since the inhibition of ,Bgalactosidase induction occurs promptly upon infection, does not require protein synthesis or breakdown of host DNA (35, 44) , and is unaffected by ultraviolet irradiation of phage (23) . This inhibitory effect may be related to the coat protein moiety of the phage particles. Phage ghosts prepared by osmotic shock of intact phage are known to inhibit the synthesis of nucleic acids and protein in host cells (12) . Following the proposal of Jacob, Brenner, and Cuzin (22) Three cistrons are defined thus far for the RNA phage (14, 19, 46) . The proteins specified by these three cistrons are the RNA synthetase (3, 8, 15, 50) , the phage coat protein (8, 33, 34, 40, 41) (49) . Amber mutants of R23 were isolated after nitrous acid mutagenesis. Their characterization will be reported in a subsequent publication.
For ultraviolet irradiation of phage, suspensions diluted in tris(hydroxymethyl)aminomethane (Tris) buffer to a titer of 1012 phage/ml were exposed for 4 min to a GE germicidal lamp at a distance of 13.5 cm.
Under these conditions, the titer of survivors was 5 X 105 phage/ml.
Media. Medium A (10) was used for most of the studies; this medium contained 7 g of Na2HPO4, 3 g of KH2PO4, 1 g of NH4Cl, 0.5 g of NaCl, 0.6 g of MgSO4, 0.11 g of CaC12, 6 g of Casamino Acids (Difco), 10 ml of 30%7 glycerol, and 1,000 ml of demineralized water. Tryptone medium, the medium used for plating RNA phage, and the solutions used for diluting phage suspensions have been previously described (49) .
Materials. Bacterial growth antd phiage assay. Cultures of E. coli K38 grown overnight at 37 C in medium A were diluted 300-fold with the same fresh medium, and incubated in a gyrotory shaker at 37 C until the exponentially growing culture reached a density of 2 X 108 cells/ml. RNA phage was then added at a multiplicity of 10 to 20 phage/cell.
Isopropyl-3-D-thiogalactopyranoside
Phage was assayed as plaque-forming units by the agar overlay technique as described by Adams (1).
Inductioni of /3-galactosidase. The enzyme was induced by the addition of IPTG to a final concentration of 5 X 10-4 M to cultures incubated in a gyrotory shaker at 37 C.
Inducer was removed from the medium by filtration on a membrane filter of pore size 0.65 Mum (Millipore Corp., grade DA). The cells were washed with an equal volume of phosphate buffer at room temperature, and resuspended in fresh medium A by blowing liquid on the submerged membrane. The entire procedure took 2 to 3 min. B-Galactosidase was assayed as described by Pardee, Jacob, and Monod (40) . One unit of enzyme activity has been defined as that amount of enzyme which catalyzed the hydrolysis of 1 nmole of ONPG per min at 37 C (pH 6.8).
Synthesis of protein. Synthesis of protein was determined by the incorporation of radioactive amino acids into acid-insoluble material as previously described (49) . RESULTS
Effect of phage R23 on protein and I3-galactosidase synthesis. A study of the effect of R23 phage infection on bacterial protein synthesis was complicated by the fact that rapid infection of an entire bacterial population could not be obtained. Maximal phage adsorption required 4 min, and 10% of the bacterial population survived the initial infection (Watanabe and Watanabe, un-published data). Despite this limitation, it was possible to examine the effect of R23 on the synthesis of ,B-galactosidase in E. coli. The synthesis of-,-galactosidase after R23 infection, although diminished in amount, was not completely inhibited (Fig. 1) . The enzyme activity observed in an R23-infected culture was greater than that which could be accounted for by the population of uninfected bacteria although the latter, which varied from one culture to the other affected the final enzyme activity observed. The inhibitory effect was evident shortly after infection, increased gradually for the first 20 min, and then became more pronounced (Fig. 2 ). This period of maximal inhibition corresponds to the time of maximal phage coat protein synthesis (49) . Infection with T-even phages completely and instantly halts host mRNA synthesis (24) . In cells carrying the F episome, the decay of enzymeforming capacity proceeds at the same rate whether induction is arrested by phage infection or by inducer removal (23) . The synthesis of,-galactosidase continued for a longer period after R23 infection than after inducer removal (Fig. 3) , suggesting that R23 differed from T2 in its ability to inhibit mRNA synthesis.
Pardee and Prestidge (41) allows the cells to express their enzyme-forming capacity. In uninfected and in R23-infected cultures, enzyme synthesis ceased 7 to 10 min after inducer removal (Fig. 4) . In R23-infected cells, however, the final level of enzyme attained after inducer removal was lower than that in uninfected cells. Thus, although R23 infection was unable to completely prevent the induction of f3-galactosidase, it limited the capacity for enzyme synthesis. This effect was even more marked when inducer was added for a period of 3 min at 30 min after R23 infection. However, when R23 was added immediately after a 3-min exposure to IPTG and removal of inducer, the appearance and final level of enzyme activity were identical to that for inducer removal in uninfected cells. Thus, the final level of enzyme activity was reduced when R23 was present during the period of synthesis of enzyme-specific mRNA, but infection by R23 did not affect the enzyme-forming capacity once the enzyme-specific mRNA had been formed.
It has been proposed that the rate of decay of ,B-galactosidase-forming capacity after inducer removal is a reflection of the stability of enzymespecific mRNA (25, 30) . The effect of R23 infection on the rate of decay of enzyme-forming capacity was examined in cells induced for 3 min. The capacity for enzyme synthesis decayed at an exponential rate with t1/2 of 1.6 min in uninfected cells (Fig. 5) . The infection with phage R23 at a multiplicity of20 phagel cell at 0 min (0); (C) inducer removal at 3 min by filtration and resuspension 2 min later in inducer-free medium A (A). Gene responsible for "late" inhibition of bacterial protein synthesis. To determine the gene or genes required for the late inhibition of bacterial protein synthesis, we examined several amber mutants of R23. None of the mutants defective in the A protein required for phage "maturation" demonstrated a defect in the ability to inhibit bacterial protein synthesis either early or late after infection. On the other hand, a mutant defective in the viral RNA synthetase cistron lacked the ability to inhibit f3-galactosidase late in infection. Like the ultraviolet irradiated phage, this mutant phage was capable of inhibiting the synthesis of f,-galactosidase early after infection (Fig. 7) . However, in the cultures infected by this mutant, in contrast to cultures infected by wild-type R23, inhibition of 13-galactosidase synthesis was not maintained after the first 25 to 30 min of infection. It appeared, therefore, that expression of the RNA synthetase cistron was necessary for the inhibition of bacterial protein synthesis late in infection. DISCUSSION Infection by R23 reduced both the rate of incorporation of radioactive amino acids (Fig. 8) and the synthesis of ,B-galactosidase in E. coli. Although the inhibition of ,B-galactosidase synthesis was noted shortly after infection, the maximal effect occurred after the first 20 Samples of both cultures were removed at various intervals, and the protein was determined as described (49) . Control (); R 23-infected culture (0). inhibition disappeared when phage was treated with ultraviolet irradiation. The late inhibition was also absent with mutant phage defective in the RNA synthetase cistron, but was present with phage defective in the "maturation protein." It thus appeared that expression of the viral RNA synthetase cistron was a requirement for the maintenance of inhibition of bacterial protein late in infection and, in its absence, bacterial protein synthesis was able to resume after the early inhibition. The exact mechanism of this inhibitory effect, however, requires further elucidation. Several possible factors must be considered: (i) The primary gene product, the viral RNA synthetase, may function in some way as a "repressor" of bacterial RNA and protein synthesis. (ii) Viral specific RNA whose synthesis requires the induction of the viral RNA synthetase may be responsible for the inhibitory process. (iii) Viral coat protein may function as repressor. The synthesis of R23 coat protein appears to be dependent upon the synthesis of progeny RNA (49) . (iv) An unidentified protein may be responsible for inhibition, and the synthesis of this protein, like the coat protein, may be dependent upon the synthesis of progeny RNA. It is possible that the viral RNA synthetase cistron is only one of several cistrons whose expression is required for the inhibition of bacterial protein synthesis late in infection. It is also possible that the same factor, be it RNA or protein, may be responsible for both early and late inhibition of host processes, the two VOL. 2, 1968 phases then representing "parental" and "progeny" effects. 
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